This paper represents a methodology for kinetic parameter estimation based on standard optimization methods. The parameter estimation procedure is applied to the example of modelling of non-catalytic transesterification reaction, based on laboratory experiments performed under elevated pressure. The kinetic model employed in this study consists of three consecutive and parallel reversible reactions of the second order, with six kinetic constants. The influence of the mass transfer effects was considered as well. The best results were obtained by Genetic Algorithm method. The application of this method resulted in kinetic parameters with improved accuracy in predicting concentrations of important reaction intermediates, i.e., diglycerides and monoglycerides. Activation energies of kinetic parameters obtained by the Genetic Algorithm method are in line with theoretical values determined by molecular orbital calculations.
Research on chemical kinetics of complex reactions of industrial importance often requires the estimation of rate or equilibrium coefficients by nonlinear regression [1] . A variety of methods are applied to solve practical problems in parameter optimization, starting from traditional calculus methods and ranging to the so-called ''evolutionary algorithms'' [2] . These methodologies have been extensively applied during the past two decades to the modelling of various industrial processes [3] .
The transesterification reaction represents challenge for many researchers, mainly due to its application for synthesis of renewable biofuels. This reaction can be performed without presence of homogeneous or heterogeneous catalyst, if reaction pressure and temperature are elevated above certain values. The subcritical transesterification is a promising method for a more environmentally friendly biodiesel production, as a result of its feedstock flexibility, production efficiency and environmentally friendly benefits. The investigation of subcritical and supercritical methanolysis of triglycerides and determination of kinetic parameters has been the objective of several papers published in the last ten years [4] [5] [6] [7] [8] [9] .
The methanolysis of triglycerides that forms fatty acid methyl esters (FAME), as end products, is the complex reaction which can be represented as parallel--consecutive kinetic model consisting of three secondorder reversible reactions [4] . The composition of reaction mixture at the end of synthesis comprises mainly the products: methyl esters, the small amount of glycerol (up to 5 mass%), and the large excess of methanol. Monoglycerides and diglycerides are formed as intermediate products and could be present only in traces in a mixture upon reaction completion. However, those minute concentrations of reaction intermediates could impact on biodiesel quality and compliance with the current technical standards. Therefore, it is extremely important to be able to predict an optimum reaction time or a reactor space time, for this reaction [5, 8] .
This paper presents the determination of kinetic parameters of the non-catalytic biodiesel synthesis under elevated pressure and temperature. Three differrent numerical methods: Simulated annealing, the lsqcurvefit with Levenberg-Marquardt algorithm and Global optimization technique -Genetic Algorithm, have been used to calculate kinetic parameters. The influence of mass transfer was calculated, since it was found to influence strongly on the reaction rate in the initial phase of the reaction and consequently to the values of reaction kinetic parameters.
EXPERIMENTAL PROCEDURE
The high pressure batch reactor, volume of 2 dm 3 , mechanically agitated (Ernst Haage, Germany), was used for the analysis of reaction rate of triglycerides methanolysis at 150 and 210 °C and 1.0 and 4.5 MPa.
The specified amounts of methanol and sunflower oil corresponding to molar ratio 42 to 1 were used. Detailed description of the experimental procedure can be found in the literature [6, 8] . The composition profile during reaction for both analysed conditions is shown in Table 1 .
Mathematical modelling and numerical optimisation

Kinetic model description
Transesterification or FAME synthesis under subcritical conditions is a catalyst-free chemical reaction between triglycerides (the major component in vegetable oils, animal fats, and used vegetable oils) with a low molecular weight alcohol, usually methanol, at a temperature and pressure under the critical point of triglyceride-alcohol mixture. The overall reaction occurs as a sequence of three steps, parallel with respect to alcohol and consecutive with respect to triglyceride. Triglyceride (TG) reacts with an alcohol (ROH) in the first reaction and forms diglyceride (DG) and fatty acid methyl ester (FAME). Monoglycerides (MG) and fatty acid methyl esters (FAME) are formed in the second reaction from diglyceride (DG) and methanol. The final products, appearing as products of the third reaction, are glycerol (GL) and again fatty acid methyl esters (FAME). The reaction scheme is shown below:
It is important to point out that the reversible reactions of DG, MG and GL with FAME control the maximum/equilibrium conversion of triglycerides. The reaction rate for each component in the system (constant volume batch system) can be represented by the following set of equations where each reaction step 
If the reaction scheme is represented by the above equations the concentrations of reacting species are assumed to be numbers of moles divided by the overall reaction volume, regardless of the existence of multiple phases. Each reaction is characterized by its reaction rate constant (both forward and reverse reactions). The slowest forward reaction rate controls the overall reaction rate along with reaction equilibrium constant for each of the reversible reactions shown above [6] .
Batch reaction system containing triglycerides and methanol, at investigated pressure and temperature, is characterised by the equilibrium between two liquid phases at the beginning of reaction. During methanolysis of triglycerides, the phase distribution is changing according to the actual composition of reaction mixture, temperature and pressure, for a given time of reaction. Distribution of methanol between the oil phase, the methyl esters phase and the glycerol rich phase strongly depends on operating conditions [8] .
The rate of triglycerides methanolysis depends also on the phase equilibrium and on the methanol distribution in the oil-rich phase. Up to 150 °C and 1.1 MPa the oil is present only in one liquid phase together with a smaller amount of dissolved methanol [6, 8] . The methanol to oil molar ratio is 1:1, three times less than required by stoichiometry, thereby causing very low reaction rate (complete conversion could be achieved after approximately 150 h). At 210 °C and 4.5 MPa the methanol to oil molar ratio in the oil phase is changing from 6:1 to 10:1 through the course of reaction, thus increasing the rate of reaction and resulting in complete conversion of triglycerides in approximately 10 h.
The methyl esters being produced form the third liquid phase which contains almost all diglycerides, monoglycerides and glycerol, together with certain amount of methanol. This is also the period when probability for reverse reaction between glycerol and FAME is much higher than probability of reaction between glycerides (present in low concentrations) and methanol. At the end of reaction (at 210 °C and 4.5 MPa) one liquid phase contains methanol, FAME and glycerol, as well as certain small amount of monoglycerides and diglycerides [6, 8] .
The sigmoid shape of the conversion curves, during FAME synthesis, points out to a complex reaction mechanism. Initially slow reaction rate increases with conversion and in its final stage the FAME yield curve reaches a plateau. At the beginning of reaction, the interfacial area between the phases containing reactants is dependent on the agitation intensity and mass transfer controls the overall reaction rate (k kinetic >> >> k mass transfer ). This is more pronounced at conditions corresponding to low methanol solubility in the oil phase, e.g., under lower pressure and temperature. Therefore, the kinetic constant for the forward reaction of triglycerides conversion could be corrected with following equation, introducing the mass transfer effects [6] : (10) where the k mt represents the mass transfer controlled kinetic constant in the initial phase of the reaction. Increasing conversion followed by changing phase distribution, increasing concentrations of intermediates (mono and diglycerides) and the enhancement of interfacial area will result in the increase of overall kinetic constant [6] . Based on the calculation of mass transfer coefficient in mechanically stirred system the numerical value of k mt for the first and second experiment was determined as 9.2×10 -7 and 1.5×10 -6 dm 3 /(kmol min) respectively [6] . Intense agitation provides sufficiently high values of mass transfer coefficient to accommodate for methanol consumed by the reaction in oil phase, while the extent of reaction in methanol rich phase can be neglected due to very low concentrations of glycerides in that phase [6, 8] . Hence, the calculation of apparent values for kinetic parameters using the overall reaction volume can be applied with the incorporation of mass transfer effects at the beginning of reaction.
Parameter determination by different optimization techniques
The proposed kinetic model for biodiesel synthesis is nonlinear implying that finding the best set of values for kinetic parameters requires the use of optimization techniques and/or their combinations. In general, the techniques used for parameters estimation can be divided into two groups: the short cut methods and the global optimization techniques that do not require initial guesses [10] [11] [12] [13] [14] [15] .
Due to the fact that most of the methods for parameters estimation require good initial guess to find the optimal set of results, finding the initial values of unknown parameters are essential for successful parameters estimation. In this study model parameters, or reaction constants, were determined using Simulated Annealing (SA), lsqcurvefit (LM) and Genetic Algorithm (GA) methods (as defined functions in MATLAB). In order to make a comparison among these optimization methods the following objective function was defined for all of them:
Objective functon
where i refers to the component (TG, DG, MG, GL, FAME and ROH), and j refers to the experimental data for each component.
is the maximum concentration of component i within the experimental data set.
The default parameters were defined as the parameters predetermined by MATLAB. The only deviation from this was the applied algorithm for solving optimization by lsqcurvefit which was changed from trustregion-reflective (default) to Levenberg-Marquardt.
Simulated annealing (SA)
Simulated annealing is a probabilistic global search method [16, 17] . SA is stochastic search techniques and it is used when the structure of a space is not well understood or is not smooth. In particular, these techniques are frequently used to solve combinatorial optimization problems, such as the travelling salesman problem. The goal is to find a point in the space at which a real valued energy function (or cost function) is minimized. Simulated annealing is a minimization technique which has given good results in avoiding local minima; it is based on the idea of taking a random walk through the space at successively lower temperatures, where the probability of taking a step is given by a Boltzmann distribution [16, 17] .
The lsqcurvefit with Levenberg-Marquardt algorithm (LM)
The lsqcurvefit solves nonlinear data-fitting problems. The lsqcurvefit requires a user-defined function to compute the vector-valued function F(x, xdata). The size of the vector returned by the user-defined function must be the same as the size of ydata [18, 19] .
The Levenberg-Marquardt algorithm (LMA), also known as the damped least-squares (DLS) method, is an iterative technique which provides a numerical solution to the problem of minimizing a function, generally nonlinear, over a space of parameters of the function. These minimization problems arise especially in least squares curve fitting and nonlinear programming. It has become a standard technique for non-linear least-squares problems, widely adopted in a broad spectrum of disciplines [18, 19] .
The LMA interpolates between the Gauss-Newton algorithm (GNA) and the method of gradient descent. When the current solution is far from the correct one, the algorithm behaves like a steepest descent method (slow but certain convergence). When the current solution is close to the correct solution, it becomes a GaussNewton method [17, 18] . The LMA is a very popular curve-fitting algorithm used in many software applications for solving generic curve-fitting problems. However, the LMA finds only a local minimum, not a global minimum [18, 19] .
The first initial guess required for these two techniques (LM and SA) was found by applying combination of two short cut methods. This approach combines differential method of analysis [20] and method for kinetics parameters estimation proposed by Glowinski and Stocki [21] . In order to reveal the dependency of the optimum solution to the initial guess, three guesses were considered for each experiment. The first guess is 0.1×x 0 , the second guess is x 0 , and the last one is 10×x 0 , where x 0 is the vector containing the obtained values of reaction constants by linear technique.
Global optimization technique -Genetic Algorithm
Nowadays this technique is widely used. Commonly, genetic algorithm optimization technique is used to estimate initial values of parameters, because this approach does not require any initial assumption of parameters' value. The method compares experimental data of species' concentration with values predicted by the model. Due to the fact that concentration of species' values differ from each other by several orders of magnitude and sum of squares of deviation between experimental and modelled values are summarized in one objective function, the values should be brought to the same numeric interval. There are several techniques to achieve this: i) minimize square of relative error between experimental and model predicted values of concentration and ii) involve variances of experimental measurements. The drawback of using square of relative error is that error of each experimental measurement has significant impact on objective function. On the other side, using variance of experimental measurements are more convenient, since error of measurements is averaged which results in lower impact of individual measurement error on objective function. If values of variances of experimental values are not available, they can be optimized together with unknown rate reaction parameters. The drawback of this technique is that it increases number of parameters to be optimized [22] [23] [24] [25] [26] [27] .
The genetic algorithm technique makes use of the Darwinian survival of the fittest procedure. These are search procedures based on mechanics of natural genetics and natural selection [22] . Five GA operators are used in the DNA-GA to enhance the searching ability of the GA [23] . In particular, the "mutation step" helps in avoiding getting trapped in local minima during the search procedure [23] . The parameters were searched within non-negative numbers.
RESULTS AND DISCUSSION
The kinetic model, as defined by Eqs. (4)- (9), including modification of k 11 rate constant as shown by Eq. (10), was applied to the experimental data of transesterification reaction performed under subcritical conditions (150 °C and 1.1 MPa and 210 °C and 4.5 MPa). Six kinetic parameters for forward and reverse reactions were obtained by different approaches using numerical methods.
The results obtained by SA method are presented in Table 2 . The initial guess was obtained using linear technique. In order to reveal the dependency of the optimum solution on the initial guess, three guesses were considered for each experiment. The first guess is 0.1×x 0 , the second guess is x 0 , and the last one is 10×x 0 .
The optimum values of the kinetic constants depended significantly on the initial guess, and the second initial guess was found to result in the minimum error (Eq. (11)).
The results obtained by LM method are shown in Table 3 . The same initial guesses as in the case of SA were used. The results have indicated that the optimum value is practically insensitive and independent on the initial guess, and therefore only one set of results is shown in Table 3 . Also, error values are considerably lower than in the case of SA method. In order to check whether the results obtained by LM are a local optimum or the global one, the LM program was performed with various initial guesses. For generating logical and different initial guess values and to avoid trapping into a local minimum, the initial guesses were determined using GA with sufficient population size (the default population size was changed from 20 to 500). In this way the time required for running the GA program increased significanly, but it has been confirmed that correct initial guess values have been obtained. The results showed that the data presented in Table 3 are really the global optimum.
The kinetic parameters obtained by GA method are shown in Table 4 . The error values are slightly higher than in the case of LM method. By comparing results shown in Tables 2-4 , it can be observed that LM method results in lower minimum error than SA method and even lower than GA method. Model equations (4)- (9) were solved using kinetic parameters obtained by LM and GA methods. The resulting composition profiles for each component, at analysed temperatures and pressures, are shown in Figure 1 for LM method and Figure 2 for GA method. The obtained results indicate that kinetic parameters determined by LM and GA are in line with experimental data obtained at 150 °C and 1.1 MPa (Exp. 1) with (Figure 1a Figures 1c and 2c) . Introducing the mass transfer modification of k 11 kinetic constant improves accuracy, but still doesn't lead to the excellent correlation of experimental data. This is especially the case for concentration profile of FAME. Judging by FAME concentration profile, it would seem that kinetic parameters obtained by numerical optimisation methods correlate experimental data slightly worse than the parameters obtained by simplified kinetic procedure (Figure 6b in reference [6] ).
Error values were thus calculated (using Eq. (11)) for the procedure based only on triglycerides conversion and these were found to be 3.899 and 3.459 for the Exp. 1 and Exp. 2, respectively. Obviously these values are considerably higher than for LM and GA methods. Concentration profiles of intermediate species (diglycerides and monoglycerides) for these three methods are shown in Figure 3 .
It is clear that kinetic parameters obtained by optimisation methods are superior in predicting concentration profiles of diglycerides and monoglycerides, and this is especially the case for GA method. The ability to predict accurately concentrations of intermediates could be extremely important for proper design of reactor system for FAME synthesis. This is in fact critical parameter for FAME biodiesel quality due to limitations imposed by pertaining technical standards.
As stated previously the error values of LM method are slightly better than for GA method. However, careful inspection of values for kinetic parameters k 11 -k 32 in Table 3 shows that kinetic constant for the first reverse reaction k 12 is higher than forward reaction. However, this type of behaviour shouldn't be seen in this type of reactive system [28] . Also, values of k 22 at 150 and 210 °C indicate that activation energy for k 22 should be equal to 1026.2 kJ/mol which is hardly possible when compared to the values obtained in theoretical study using molecular orbital calculations [29, 30] .
Kinetic constants obtained by the GA method (Table  4) indicate that equilibrium constants are always above 1 and also that equilibrium constants decrease with increasing temperature, which is in accordance with theoretical calculations of phase and chemical equilibrium [28] . Furthermore, the values of activation energies for forward reactions (in k 11 , k 21 and k 31 ) are in line with the values obtained through theoretical calculations based on molecular orbital calculations for synthesis under acidic conditions [29] [30] [31] . Values for route (c) from [30] have been used to make comparison and this is shown in Table 5 . 
CONCLUSION
The parameter estimation procedures were applied to the determination of kinetic parameters of noncatalytic fatty acids methyl esters (FAME) synthesis under elevated pressure. Experimental data were obtained using mechanically agitated batch reactor of constant volume at 150 °C and 1.1 MPa and 210 °C and 4.5 MPa. The kinetic model used in this study consisted of three consecutive and parallel reversible reactions of second order. The kinetic constants for forward and reverse reaction steps were obtained by three different types of numerical methods: Simulated Annealing (SA), lsqcurvefit with Levenberg-Marquardt algorithm (LM) and Genetic Algorithm (GA). The proposed kinetic model and kinetic parameters determined by the GA method, with the inclusion of mass transfer limitations, fitted well the experimental data. Predictions of triglycerides conversion and FAME yield were very good, as well as the predicted concentrations of intermediates (mono-and diglycerides). The activation energies of forward reactions are in line with values obtained by molecular orbital calculations. 
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